Based on the previously suggested model of nanoscale dislocations induced Josephson junctions and their arrays, we study the magnetic field induced electric polarization effects in intrinsically granular superconductors. In addition to a new phenomenon of chemomagnetoelectricity, the model predicts also a few other interesting effects, including charge analogues of Meissner paramagnetism (at low fields) and "fishtail" anomaly (at high fields). The conditions under which these effects can be experimentally measured in nonstoichiometric high-T c superconductors are discussed.
I. INTRODUCTION
Both granular superconductors and artificially prepared arrays of Josephson junctions (JJAs) proved useful in studying the numerous quantum (charging) effects in these interesting systems, including blockade of Cooper pair tunneling [1] , Bloch oscillations [2] , propagation of quantum ballistic vortices [3] , spin-tunneling related effects using specially designed SF S-type junctions [4, 5] , novel Coulomb effects in SINIS-type nanoscale junctions [6] , and recently observed geometric quantization phenomena [7] (see, e.g., Ref. [8] for the recent review on charge and spin effects in mesoscopic 2D Josephson junctions).
More recently, it was realized that JJAs can be also used as quantum channels to transfer quantum information between distant sites [9] [10] [11] through the implementation of the socalled superconducting qubits which take advantage of both charge and phase degrees of freedom (see, e.g., Ref. [12] for a review on quantum-state engineering with Josephsonjunction devices).
At the same time, imaging of the granular structure in underdoped Bi 2 Sr 2 CaCu 2 O 8+δ crystals [13] , revealed an apparent charge segregation of its electronic structure into superconducting domains (of the order of a few nanometers) located in an electronically distinct background. In particular, it was found that at low levels of hole doping (δ ≤ 0.2), the holes become concentrated at certain hole-rich domains. Tunneling between such domains leads to intrinsic granular superconductivity (GS) in high-T c superconductors (HTS). As was shown earlier [14] , GS based phenomena can shed some light on the origin and evolution of the so-called paramagnetic Meissner effect (PME) which manifests itself both in high-T c and conventional superconductors [15, 16] .
In this paper, within a previously suggested [14] model of JJAs created by a regular 2D network of twin-boundary (TB) dislocations with strain fields acting as an insulating barrier between hole-rich domains in underdoped crystals, we address yet another class of interesting phenomena which are actually dual to the chemomagnetic effects described in Ref. [14] . Specifically, we discuss a possible existence of a non-zero electric polarization P (B, δ) (chemomagnetoelectic effect) and the related change of the charge balance in intrinsically granular non-stoichiometric material under the influence of an applied magnetic field. In particular, we predict an anomalous low-field magnetic behavior of the effective junction charge Q(B, δ) and concomitant magnetocapacitance C(B, δ) in paramagnetic Meissner phase and a charge analog of "fishtail"-like anomaly at high magnetic fields.
II. THE MODEL
Recall that the observed [13, [17] [18] [19] [20] in HTS single crystals regular 2D dislocation networks of oxygen depleted regions with the size d 0 of a few Burgers vectors can provide quite a realistic possibility for existence of 2D Josephson network within CuO plane [21, 22] . At the same time, in underdoped crystals there is a real possibility to facilitate oxygen transport via the so-called osmotic mechanism [14, 19, 20, 23] 
(here J 0 ∝ ∆ 0 /R n with R n being a resistance of the junction). Notice that, in accordance with the observations, for stoichiometric situation (when δ ≃ 0), the Josephson coupling J(δ) ≃ 0 and the system loses its explicitly granular signature.
To describe the influence of chemomagnetic effects on charge balance of an intrinsically granular superconductor, we employ a model of 2D overdamped Josephson junction array which is based on the well known Hamiltonian
and introduces a short-range (nearest-neighbor) interaction between N junctions (which are formed around oxygen-rich superconducting areas with phases φ i ), arranged in a twodimensional (2D) lattice with coordinates x i = (x i , y i ). The areas are separated by oxygenpoor insulating boundaries (created by TB strain fields ǫ(x ij )) producing a short-range with n i being the pair number operator. Naturally, the same strain fields ǫ(x ij ) will be responsible for dielectric properties of oxygen-depleted regions as well via the δ-dependent
If, in addition to the chemical pressure ∇µ(x) = KΩ 0 ∇ǫ(x), the network of superconducting grains is under the influence of an applied frustrating magnetic field B, the total phase difference through the contact reads
where φ 0 ij is the initial phase difference (see below),
and w = 2λ L (T ) + l with λ L being the London penetration depth of superconducting area and l an insulator thickness (which, within the discussed here scenario, is simply equal to the TB thickness [23] ).
As usual, to safely neglect the influence of the self-field effects in a real material, the corresponding Josephson penetration length λ J = Φ 0 /2πµ 0 j c w must be larger than the junction size d. Here j c is the critical current density of superconducting (hole-rich) area.
As we shall see below, this condition is rather well satisfied for HTS single crystals.
III. CHEMOMAGNETOELECTRICITY
In what follows, we shall be interested in the behavior of magnetic field induced electric polarization (chemomagnetoelectricity) in chemically induced GS described by a 2D JJA.
Recall that a conventional (zero-field) pair polarization operator within the model under discussion reads [24, 25] 
In view of Eqs. (1)- (3), and taking into account a usual "phase-number" commutation relation, [φ i , n j ] = iδ ij , it can be shown that the evolution of the pair polarization operator is determined via the equation of motion dp dt
Resolving the above equation, we arrive at the following net value of the magnetic-field induced longitudinal (along x-axis) electric polarization P (δ, B) ≡< p x (t) > and the corresponding effective junction charge
where S = 2πd 2 is properly defined normalization area, τ is a characteristic time (see Discussion), and we made a usual substitution
long-wavelength approximation [25] .
To capture the very essence of the superconducting analog of the chemomagnetoelectric effect, in what follows we assume for simplicity that a stoichiometric sample (with δ ≃ 0)
does not possess any spontaneous polarization at zero magnetic field, that is P (0, 0) = 0.
According to Eq. It is of interest also to consider the magnetic field behavior of the concomitant effective flux capacitance C ≡ τ dQ(δ, B)/dΦ which in view of Eq.(6) reads
where Φ = SB, and C 0 (δ) = τ Q 0 (δ)/Φ 0 . and its peak shifting with increase of δ and sign change at low magnetic fields which is another manifestation of the charge analog of chemically induced PME (Cf. Fig.1 ). Fig.3 ).
IV. CHARGE ANALOG OF "FISHTAIL

V. DISCUSSION
Thus, the present model predicts appearance of two interrelated phenomena (dual to the previously discussed behavior of chemomagnetizm [14] ), namely a charge analog of Meissner paramagnetism at low fields and a charge analog of "fishtail" anomaly at high fields. To see whether these effects can be actually observed in a real material, let us estimate an order of magnitude of the main model parameters.
Using typical [17, 19] for HTS single crystals values of λ L (0) ≃ 150nm, d ≃ 10nm, and j c ≃ 10 10 A/m 2 , we arrive at the following estimates of the characteristic B 0 ≃ 0.5T and chemomagnetic B µ (δ) ≃ 0.5B 0 fields, respectively. So, the predicted charge analog of PME should be observable for applied magnetic fields B < 0.25T . Notice that, for the above set of parameters, the Josephson length is of the order of λ J ≃ 1µm, which means that the assumed in this paper small-junction approximation is valid and the "self-field" effects can be safely neglected.
Furthermore, the characteristic frequencies ω ≃ τ −1 needed to probe the suggested here effects are related to the processes governed by tunneling relaxation times τ ≃h/J 0 (δ).
Since for oxygen deficiency parameter δ = 0.1 the chemically-induced zero-temperature
Josephson energy in non-stoichiometric Y BCO single crystals is of the order of And finally, it can be easily verified that, in view of Eqs. (1)- (5), the field-induced
Coulomb energy of the oxygen-depleted region within our model is given by
with Q(δ, B) and C(δ, B) defined by Eqs. (6) and (7), respectively.
A thorough analysis of the above expression reveals that in the PME state (when B ≪ 
